The low oxygen levels at high altitude are a potent and unavoidable physiological stressor to which highland mammals must adapt. One hypothesized adaptation to high altitude is an increased reliance on carbohydrates to support aerobic activities. Based on stoichiometries of combustion, ATP yield per mole of oxygen from carbohydrates is approximately 15% higher than from lipids [1, 2] (observed difference closer to 30% [3, 4] ), and increased carbohydrate use represents an important oxygen-saving strategy that may be under high selective pressure. Although this hypothesis was first proposed nearly 30 years ago [5] , the in vivo patterns of whole-body fuel use during exercise remain undefined for any highland mammal (including humans). Here we use a powerful multispecies approach to show that wild-caught high-altitude (4,000-4,500 m) native species of mice (Phyllotis andium and Phyllotis xanthopygus) from the Peruvian Andes use proportionately more carbohydrates and have higher oxidative capacities of cardiac muscles compared to closely related low-altitude (100-300 m) native counterparts (Phyllotis amicus and Phyllotis limatus). These results strongly infer that highland Phyllotis have evolved a metabolic strategy to economize oxygen when performing energy-demanding tasks at altitude. This study provides compelling evidence of adjustments in fuel use as an adaptation to high-altitude hypoxia in mammals.
Summary
The low oxygen levels at high altitude are a potent and unavoidable physiological stressor to which highland mammals must adapt. One hypothesized adaptation to high altitude is an increased reliance on carbohydrates to support aerobic activities. Based on stoichiometries of combustion, ATP yield per mole of oxygen from carbohydrates is approximately 15% higher than from lipids [1, 2] (observed difference closer to 30% [3, 4] ), and increased carbohydrate use represents an important oxygen-saving strategy that may be under high selective pressure. Although this hypothesis was first proposed nearly 30 years ago [5] , the in vivo patterns of whole-body fuel use during exercise remain undefined for any highland mammal (including humans). Here we use a powerful multispecies approach to show that wild-caught high-altitude (4,000-4,500 m) native species of mice (Phyllotis andium and Phyllotis xanthopygus) from the Peruvian Andes use proportionately more carbohydrates and have higher oxidative capacities of cardiac muscles compared to closely related low-altitude (100-300 m) native counterparts (Phyllotis amicus and Phyllotis limatus). These results strongly infer that highland Phyllotis have evolved a metabolic strategy to economize oxygen when performing energy-demanding tasks at altitude. This study provides compelling evidence of adjustments in fuel use as an adaptation to high-altitude hypoxia in mammals.
Results and Discussion

Species Phylogenetic Relationships
We sought to use a multispecies comparative approach to examine whether increased reliance on carbohydrates during exercise is correlated with high altitude. We used a powerful model system, taking advantage of the distinct altitudinal distribution of Phyllotis mice (see Table S1 available online), and used independent contrasts to determine the independence of this trait in highland species. We constructed a phylogenetic tree of the Phyllotis species investigated in this study ( Figure 1 ) based on cytochrome b gene sequences using the evolutionary model GTR+G and a Bayesian analysis to evaluate the influence of phylogeny on our results (see Supplemental Experimental Procedures for detailed information on phylogenetic analyses). The analysis resulted in posterior probabilities of 1 for each node, and phylogenetic relationships of species were in accordance with previous reports [6, 7] . The ancestral phenotype of the Phyllotis species group has not been characterized (refer to Supplemental Experimental Procedures for more information on ancestral state), but we can assume the possibility that several independent events of high-altitude (or low-altitude) adaptations have occurred. We used two pairs of closely related species that are native to low (close to sea level) or high (above 4,000 m) altitude ( Figure 1 ). Although a four-species comparison has some limitations in terms of effective degrees of freedom, it allows for a stronger inference of adaptation over two species or population comparisons previously used in physiological studies investigating adaptations to high altitude.
Fuel Use during Exercise and at Rest
High-altitude Phyllotis species derived a greater fraction of their total energy expenditure from carbohydrates in comparison to their low-altitude counterparts when exercising at an intensity corresponding to 75% of their aerobic maximum (VO 2 max) in their native oxygen level (12% O 2 , hypoxia) (Figure 2B) . A similar pattern was also observed for the same task when performed under normoxia, reaching statistical significance between low-altitude P. amicus and high-altitude P. andium (Figure 2A ). Phylogenetically independent contrasts showed a positive relationship between altitude and carbohydrate use under hypoxia ( Figure S1B ; refer to Supplemental Experimental Procedures for details on independent contrast analyses), suggesting that this trait evolved independently as an adaptation to high altitude. Three lines of evidence suggest that phenotypic plasticity is unlikely to have contributed to the difference in fuel use between high-and low-altitude species: (1) we controlled for plasticity during adulthood by housing all individuals for at least 6 weeks under identical conditions and testing them under standardized laboratory conditions; (2) fuel use is generally unaffected by acclimation to hypobaric hypoxia in low-altitude mammals [8, 9] ; and (3) two populations of P. limatus likely having high rates of gene flow, one from 3,700 m (born and raised at altitude) and the low-altitude population used in this study, did not differ in the proportion of carbohydrate used at 75% of VO 2 max (M.-P.S., O.R., M.A., and G.B.M., unpublished data). The latter point also suggests that developmental altitude has little effect on exercise fuel use. Moreover, in deer mice (genus Peromyscus), developmental plasticity appears to play a lesser role in variation in thermogenic ability than physiological plasticity as adults does [10] . Still, the influence of developmental plasticity cannot be completely dismissed without examining F2 generations raised in a common garden environment.
We carefully evaluated the proportion of carbohydrates used by animals by taking into account the relative intensity at which the aerobic activity is performed (expressed as % VO 2 max). This step was necessary because in mammals, absolute flux and relative proportions (mix) of fuels utilized are influenced by the intensity of exercise relative to VO 2 max [11] [12] [13] [14] . The contribution of carbohydrates to overall energy expenditure increases as exercise intensity approaches VO 2 max. A few studies previously reported that high-altitude native human populations preferentially use carbohydrates as a fuel source for energy metabolism [15] [16] [17] . However, two of these studies were tissue specific (heart), and the other [15] , which focused on whole-body metabolism, failed to adequately account for the confounding influence of exercise intensity on fuel use. Thus, our results provide the first compelling evidence of an adaptive adjustment in fuel use in highaltitude mammals. Furthermore, the mix of fuel used by the low-altitude Phyllotis species (P. amicus and P. limatus) is similar to reports from other studies on laboratory mice (Mus musculus) exercising at an equivalent intensity (Hsd:ICR [18] and CD-1; M.-P.S. and G.B.M., unpublished data), supporting the notion that the increased reliance on carbohydrates is a trait unique to high-altitude species.
A change in fuel use at rest was also observed in highaltitude native Phyllotis species, which showed higher respiratory exchange ratio (RER) than the low-altitude species under acute hypoxia ( Figure 2D ). This difference was also independent of the species phylogenetic relationships ( Figure S1C ). Assuming that the contribution of protein oxidation to resting metabolism is similar in all of the Phyllotis species, the elevated RER may indicate an increased use of carbohydrates. Taken together, our exercise and resting data suggest that when oxygen becomes limited, high-altitude mice are able to adjust their metabolism toward a greater use of carbohydrates as a strategy to use oxygen more efficiently.
Time to Fatigue
Our results show that at a constant speed of 12 m/min in normoxia, low-altitude species ran for almost twice as long as the high-altitude species before reaching fatigue ( Figure 3A ). In contrast, no clear pattern emerged under hypoxic conditions ( Figure 3B ). Endurance performance has received little attention in the high-altitude literature. However, a study on North American deer mice (Peromyscus maniculatus) native to altitudes of 1,220 m and 3,800 m reported endurance performance results similar to those reported here [19] . Yet, the underlying cause remains unclear.
High-altitude mammals may have to strike a compromise between the oxygen-saving advantage of carbohydrates and the depletion of limited glycogen stores, which may correlate with time to fatigue [20] . For animals that need to maintain suitable levels of activity at altitude, a potential 15% saving in oxygen consumption from an increased use of carbohydrates might make the difference between survival or nonsurvival, despite hastening the depletion of limited glycogen stores, compromising endurance. Indeed, mice at high altitude may be living at the limits of their physiology. For example, a survivorship study on North American deer mice showed a difference in temperature tolerance of only 1 C-2 C between survivors and nonsurvivors [21] . Similarly, the margin between individuals capable of effective locomotion for daily activity and those incapable is potentially as slim. Thus, at altitude, the oxygen-saving advantage of using more carbohydrates may be more important for survival than maintaining a high endurance capacity. In the wild, highland mice may not routinely engage in low-intensity exercise over large distances. In fact, Phyllotis mice appear to travel short distances, averaging up to only 50 m over a year or less [22, 23] . Instead, their day-to-day activities such as predator avoidance, foraging, and territorial defense likely consist of high-intensity exercise for short periods. Indeed, in one study [24] , high-altitude deer mice appeared to perform most of their daily activities at relatively high percentages of VO 2 max. Thus, preservation of carbohydrate stores may be sacrificed for a more economic use of oxygen, at least during locomotion.
Aerobic Capacities
A high VO 2 max at altitude would be beneficial to sustain an acceptable level of performance for energy-demanding tasks such as foraging, territorial defense, predator avoidance, and thermogenesis. In this respect, we found that the high-altitude P. xanthopygus species had higher running VO 2 max than its low-altitude counterparts under hypoxic conditions (Figure 3D ). This result is consistent with previous reports of elevated cold-induced and running VO 2 max in other highland rodents [25, 26] , a trait which was found to be positively correlated with increased fitness at altitude [21] .
Skeletal and Cardiac Muscle Enzymatic Capacities
Lastly, we assessed whether flux capacity through metabolic pathways is increased at the muscle level to accommodate greater rates of carbohydrate oxidation. We investigated activities (apparent Vmax) of several enzymes involved in carbohydrate and lipid oxidation in the hindlimb skeletal muscle gastrocnemius and in the left ventricle. There were no striking differences in enzymatic capacities of gastrocnemius between high-and low-altitude Phyllotis species (Table 1) . This suggests that skeletal muscles of high-altitude native mice do not have a particularly enhanced capacity for carbohydrate oxidation and, accordingly, that the observed increases in whole-body use of carbohydrates are achieved through metabolic rather than hierarchical regulation [27] . Indeed, it is likely that in vivo conditions during exercise are different in high-altitude species exercising at altitude versus low-altitude species at sea level. On the other hand, cardiac muscles of high-altitude Phyllotis species showed enhanced oxidative capacities: the activities of citrate synthase (CS) and isocitrate dehydrogenase (IDH) were higher compared to the low-altitude species (Table 1) . In fact, a greater oxidative capacity of the heart seems to be a common feature of high-altitude native mammals [28, 29] . Unlike skeletal muscles, the heart is a continuously active organ that plays a central role in oxygen delivery. Accordingly, proper cardiac function is crucial, especially in low-oxygen environments. In addition, at least in the high-altitude species P. andium, heart metabolism appeared to be geared toward a greater uptake of circulatory glucose. We found that activities of hexokinase (HK), an enzyme This tree was used in the independent contrast analyses. Branches are drawn proportional to their actual lengths; values appear on each branch. The altitude at which individuals from each species were captured is displayed (see Table S1 for information on altitudinal ranges and capture sites of each species); high-altitude species are indicated in bold.
involved in the first step of glucose oxidation, were significantly higher in left ventricles of P. andium compared to its closely related low-altitude counterpart P. amicus (Table 1 ). In highaltitude native humans (Sherpas), 31 P magnetic resonance spectroscopy also has revealed a metabolic organization of the heart to preferentially use carbohydrates instead of fatty acids [16] . The oxygen-saving advantage of carbohydrates makes them the fuel of choice in low-oxygen environments, and it is thus not surprising that their use would be enhanced in an oxygen-sensitive tissue in high-altitude species.
Conclusions and Perspectives
Here we present the first compelling evidence of a clear difference in energy metabolism between high-and low- Mean 6 SEM percent of total VO 2 used for carbohydrate (CHO) oxidation during exercise at 75% of VO 2 max under normoxic (A) and hypoxic (B) conditions, and mean 6 SEM respiratory exchange ratio (RER) at rest under normoxic (C) and hypoxic (D) conditions in low-altitude (LA; white bars) and high-altitude (HA; gray bars) Phyllotis species. # indicates a significant effect of altitude by two-way ANOVA. * indicates significant pairwise difference (Sidak post hoc test, p < 0.05). Sample size is displayed in parenthesis for each species. Body mass and additional respiratory data are displayed in Tables S2 and S3. altitude native mammals. The increased whole-body use of carbohydrates and enhanced oxidative capacity of cardiac muscles have likely evolved in high-altitude Phyllotis species as an adaptation to high-altitude environments. A greater reliance on carbohydrates for overall energy expenditure is an oxygen-saving strategy that would allow high-altitude Phyllotis mice enhanced levels of activity, or allocation of energy into other physiological processes essential for long-term survival in chronic hypoxia (e.g., immunity, digestion, growth). Given that the capacity for carbohydrate oxidation was not enhanced in an important locomotory muscle (gastrocnemius), variations in fuel use between high-and low-altitude Phyllotis likely arose through modifications in metabolic regulation. Patterns of fuel use are generally conserved across low-altitude mammals [12] [13] [14] . In the species tested to date (dogs, goats, laboratory rats, humans, and horses), similar proportions of carbohydrates and lipids are used to power muscle contraction when individuals are compared at the same percentage of VO 2 max [12, 13] . As such, the unique difference in carbohydrate metabolism between high-and low-altitude Phyllotis species provides an exceptional system to elucidate the underlying mechanisms of mammalian fuel use patterns. Accordingly, this study provides considerable advancement in both the fields of high-altitude physiology and exercise physiology in that it (1) offers the first compelling evidence of increased use of carbohydrates at altitude and (2) introduces an exceptional model system to investigate mechanisms of fuel use in mammals.
Experimental Procedures
Study Design All procedures were approved by the McMaster University Animal Research Ethics Board and the Animal Ethics Committee of the Universidad Peruana Cayetano Heredia (UPCH) as well as authorized by the Ministerio de Agricultura and the Instituto Nacional de Recursos Naturales of Peru. Males of four different species of leaf-eared mice (genus Phyllotis) were captured at different altitudes (100-4,500 m) in Peru (Table S1 ). The populations of P. amicus, P. limatus, and P. xanthopygus used in this study have been sampled at the same locales for over 40 years [30] , demonstrating high site fidelity. All mice were captured with Sherman traps and transported to the animal facility of the UPCH in Lima, Peru (sea level). After at least 6 weeks in captivity at sea level, we determined (1) the aerobic capacity (VO 2 max) of all mice and then performed the following measurements in a random order: rates of O 2 consumption (VO 2 ) and CO 2 production (VCO 2 ) (2) at rest and (3) at a target exercise intensity of 75% of each individual VO 2 max, and (4) time to fatigue at a speed of 12 m/min. All measurements were carried out under normoxic (normobaric, w21% O 2 ) and hypoxic (normobaric but equivalent to w4,300 m, 12% O 2 ) conditions in random order between 12 p.m. and 7 p.m. following a 6 hr fast (except for the VO 2 max tests, for which the animals were not fasted). See Supplemental Experimental Procedures for detailed information on exercise and resting protocols. At least 24 hr after the last in vivo measurement, we anesthetized each mouse using an isoflurane-soaked cotton ball before performing a cervical dislocation. Left ventricles and gastrocnemius were then quickly excised, weighed, immediately crushed between liquid N 2 -cooled aluminum plates, and stored at 280 C.
Respirometry VO 2 and VCO 2 were measured using an open flow-through respirometry system (Sable Systems; see Supplemental Experimental Procedures for detailed information). For measurements during exercise, we used a rodent treadmill (Columbus Instruments) modified to have an enclosed metabolic chamber of 21.5 cm long, 5 cm wide, and 10 cm high (working section of w800 ml) equipped with electric stimuli. For resting measurements, we used a 600 ml glass jar as a metabolic chamber.
Muscle Enzymatic Capacity (Vmax)
Muscles were powdered using a liquid N 2 -cooled mortar and pestle and homogenized on ice with a glass-on-glass homogenizer. The apparent Vmax of all enzymes was measured at 37 C in a Spectromax Plus 384 96-well microplate reader (Molecular Devices) under substrate-saturating conditions. See Supplemental Experimental Procedures for detailed assay conditions and procedures. Muscle enzyme activity (Vmax) data are shown as means 6 SEM in mmol/min/g wet weight. Gastroc., gastrocnemius; LV, left ventricle. y indicates high-altitude species.
* indicates significant pairwise differences between low-altitude species and high-altitude species within a node (Sidak post hoc test unless otherwise stated; p < 0.05). ** indicates significant effects of altitude from a two-way ANOVA. a n = 9 for gastrocnemius. b Mann-Whitney U test or t tests were used. c Means prior to log transformation are shown.
Statistical Analyses
Data are reported as means 6 SEM unless otherwise stated. Normality of data and equal variances were verified using the Kolmogorov-Smirnov test and Levene's test, respectively. We used conventional statistical analyses, assuming independence between species within a node, by doing a two-way analysis of variance or covariance (body mass or exercise intensity as covariates, when applicable) with nodes (node 1 and 2) and altitude (high and low) as factors. Pairwise comparisons were performed with either Sidak post hoc tests or t tests when appropriate. Data distributions that deviated from normality or with unequal variances were log or square-root transformed, or otherwise analyzed with a nonparametric test (Mann-Whitney U test). Individual values of %CHO above 100% (respiratory exchange ratio > 1) were set to 100 (two individual P. andium mice running at 75% of VO 2 max, under hypoxia). Statistical tests were performed using IBM SPSS 19 (SPSS Inc.) or SigmaPlot 11.0 (Systat Software) with a significance level set to a = 0.05.
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